Study design: Retrospective diagnostic feasibility study and clinical review.
STUDY RATIONALE AND CONTEXT
Atlanto-occipital dissociation (AOD) implies functional instability at the occipitocervical junction caused by partial or complete disruption of the tectorial membrane (rostral inflection of the posterior longitudinal ligament) and the bilateral alar ligaments [1] . This can be a devastating injury with a high incidence of severe neurological deficit and death. AOD is increasingly encountered due to improved roadside medical management and improved restraint mechanisms, especially in pediatric patients, resulting in more of these patients arriving in the trauma unit alive. Improved imaging and increased vigilance may play a role in the increased diagnosis of this condition [2] [3] [4] . Although magnetic resonance imaging (MRI) is effective to confirm ligamentous injury at the craniocervical junction, it is not commonly ordered as first-line imaging or is readily available for the initial diagnosis; therefore, reliance remains on initial cervical spine x-rays as screening tool [5] [6] [7] .
OBJECTIVES
To evaluate the feasibility of making an initial AOD diagnosis from four radiological measurements of the craniocervical relationship on lateral cervical spine x-rays and to assess AOD patients' clinical outcomes relative to their MRI findings.
METHODS

Study design:
• For the first part of the study, 58 consecutive regular cervical spine x-rays taken over a 3-month period (November 2006 through January 2007) were retrospectively reviewed and the measurements described below were taken. The ability to identify anatomical landmarks and perform the measurements was evaluated. X-rays were from patients presenting to the Red Cross Children's Hospital trauma unit, Cape Town, South Africa.
• The second part of the study involved the radiological and clinical assessment of ten patients with confirmed AOD presenting between 1999 and 2007.
Initial lateral x-rays were reviewed and subjected to the four measurements. The ease of dentification of the anatomical landmarks was assessed. Nine of these patients had MRI available for review and MRI features were compared with the x-ray and clinical findings.
Inclusion criteria:
• For standard spine x-rays, we selected only patients aged 12 years and younger due to our hospital admission policy. These patients had been clinically and radiologically assessed as having a regular cervical spine by the orthopaedic surgeon in attendance. The x-rays were obtained in keeping with routine protocol for blunt high-energy (traffic) trauma.
Exclusion criteria (Fig 1):
• Two x-rays from the healthy population were excluded; one due to a preexisting skull deformity and one because earrings obscured the landmarks.
Patient population and selection (Fig 1):
• X-ray and clinical data from 68 patients were available. Fifty-eight regular x-rays and ten x-rays from patients with confirmed AOD (all were pedestrians involved in motor vehicle injuries) were used for evaluation of landmarks and feasibility of measurements.
• For the evaluation of AOD, the patients' diagnosis was confirmed on clinical and MRI investigation. For one patient with AOD, the MRI was not available for analysis.
Radiographic measurements:
• The craniocervical junction was radiographically assessed using four methods of measurement: Powers ratio [8] , Wackenheim line [9] , basion-dens distance (BDD) [10, 11] , and the C1/2:C2/3 interspinous ratio AOD indicates atlanto-occipital dissociation; MRI, magnetic resonance imaging. Original research-Pediatric atlanto-occipital dissociation: radiographic findings and clinical outcome [12] . The ability to identify the basion and the opisthion was also individually assessed in each x-ray. • The Powers ratio is the distance measured from the tip of the basion to the posterior arch of C1 divided by the distance from the opisthion to the anterior arch of C1. A ratio of less than 1 is considered standard [8] .
• The Wackenheim line is drawn down the posterior aspect of the clivus, which should tangentially intersect with the tip of the dens [9] . • The BDD is the distance from the tip of the basion to the tip of the dens. Wholey et al [10] described a value of 10 mm or less to be standard. This measurement was also used by Harris et al [11] [12] as one of two measures to assess the integrity of the craniocervical junction (BAI/BDI). We used Harris' value of 12 mm or less to be standard. This measurement discrepancy is due to the incomplete ossification of the dens tip in the pediatric group.
• Sun et al [13] proposed the use of the ratio of the interspinous distance between C1 and C2 divided by that between C2 and C3. A ratio of more than 2.5 is considered diagnostic of tectorial membrane rupture.
• Clinical data was collated by retrospectively reviewing patients' clinical records.
Outcomes:
• The ability to identify the anatomical x-ray landmarks to complete the measurements in healthy subjects and patients with known AOD as described under x-ray measurements.
• Sensitivity and specificity of Powers ratio, Wackenheim line, basion-dens distance, and C1/2 : C2/3 ratio in diagnosing AOD in MRI-confirmed patients.
• The MRI features of the AOD group in terms of presence of prevertebral soft-tissue swelling, apical ligament disruption, tectorial membrane elevation or tear, retroclival hematoma, posterior C1/2 atlanto-axial membrane injury, and cord signal were assessed by an orthopaedic consultant, registrar and radiology consultant, and agreement was achieved by consensus. Evaluations were not blinded to outcome.
• The neurological outcome and survival of patients with AOD were evaluated.
Analysis:
• The Fisher exact test for categorical data was used to evaluate differences between the healthy and AOD groups with regard to frequency of abnormality and normality based on those in whom measurement was possible for a given parameter. Sensitivity and specificity were calculated based on use of MRIconfirmed diagnosis of AOD.
RESULTS
Population characteristics (Table 1) • Ages were similar in control group with median 6 years (4-11) and those with AOD with a median of 6 years (1-12).
• Of patients with AOD six were boys and four girls. The gender of the healthy group was not noted in the study.
Radiographic anatomy and measurement of all x-rays ( Table 2) • Of 68 x-rays, the basion could be clearly identified on lateral C-spine x-rays in 61 (90%) and the opisthion in 42 (62%). Thus, although the interspinous ratio and Wackenheim line had clear landmarks in all x-rays, the BDD was determined in 54 (93%) controls and 7 (70%) patients with AOD, and the Powers ratio was possible in 35 of the controls and 5 of the AOD group.
• The interspinous ratio and BDD was applied in more than 90% of the x-rays and offered high sensitivities and specificity. Although the Wackenheim line was visible on all x-rays, it conferred a low sensitivity but reasonable specificity. Powers ratio was obtained in only 59% of x-rays but offered a high specificity with low sensitivity (Tables 2-4 and Fig 2) . The number of patients with abnormal BDD and interspinous ratio in the AOD group was statistically greater compared with the healthy x-ray group (P<.001).
MRI results of the AOD group
• The MRI images of nine of the ten patients with AOD were available for review.
• Features of prevertebral soft-tissue swelling, apical ligament disruption, tectorial membrane elevation or tear, retroclival hematoma, posterior C1/2 interspinous ligamentous injury, and cord signal were noted as tabulated ( Table 3 ). The apical ligament was never directly visualized, but the hematoma at the tip of the dens was considered indicative of ligament disruption at this level. The retroclival area was assessed for hematoma between the clivus and the tectorial membrane. The tectorial membrane was examined for loss of structural integrity that we defined as either disruption of continuity or elevation of the clivus by a retroclival hematoma (Figs 3-4).
• All had apical ligament disruption, with a high frequency of interspinous ligamentous injury (8/9), prevertebral swelling (7/9), retroclival hematoma (6/9), and tectorial membrane injury (4/9) ( Table 5 ).
• Only three patients with AOD had evidence of spinal cord signal changes, two had both T1 and T2 changes and one T2 changes only.
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Clinical features and outcome of patients with AOD
• The charts of the nine MRI-confirmed patients with AOD were reviewed. All were involved in motor vehicle injuries as pedestrians.
• Five were intubated on arrival, with two exhibiting cardiovascular instability. Six had neurological comprise on admission. Two patients who died were complete quadriplegics, while the other four had cranial nerve palsies with some incomplete spinal cord. Two of these four improved to normal neurological status based on clinical examination. • The two patients who died had associated closed head injuries but no abdominal or chest trauma. One of these patients had a closed femoral shaft fracture. The patients with the less severe cervical spine injuries had associated injuries including blunt abdominal trauma with splenic rupture (two patients), lung contusion and humeral fracture.
• All patients had closed head injuries of varying severity.
• The only MRI feature associated with poor outcome was that of spinal cord signal. Both deaths had cord signal changes on T1-and T2-weighted images. The third patient with cord signal change was limited to T2 changes with a normal T1. He had a C5-L3 sensory deficit that resolved.
• The degree of tectorial membrane injury did not appear to influence outcome.
DISCUSSION
• The initial diagnosis of AOD relies on evaluation of the craniocervical anatomical relationships most commonly available for review on first lateral screening x-rays of the cervical spine using a number of accepted reference lines for assessment as described earlier in the text. Diagnosis relies on the experience of the trauma team and their communication and the quality of the x-rays to be able to identify the required landmarks [8] [9] [10] [11] [12] [13] . Suboptimal positioning of x-ray results in variable magnification or obliquity that may render direct measurement inaccurate. Thus, a combination of absolute measurement and ratios would appear preferable [13].
• Having reliable reference lines and screening ratios is important to alert clinicians to potential AOD and lead to subsequent neuroimaging.
• The low sensitivity of the Powers ratio and the limited number of x-rays to which it could be applied, however, makes it a less useful measurement in clinical practice.
• The Wackenheim line, although easily measured, has a low sensitivity and specificity and was not a useful tool for the initial screening diagnosis. In addition, the original study [9] describing this method indicates that it is only applicable when measured on a weightbearing x-ray (ie, in a seated patient), which is not practical in the severely injured trauma patient. 
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Prevertebral Soft tissue swelling 7
Apical ligament injury 9
Tectorial membrane elevated but intact 5
Tectorial membrane ruptured 4
Retroclival haematoma 6
Cord signal 3
Posterior interspinous ligament 8
• In our study, the BDD and interspinous ratio were the most sensitive and specific methods of measurement. The basion was a more easily identifiable landmark on the lateral C-spine x-ray than the opisthion. The BDD was thus more consistently measurable due to identifiable anatomical landmarks than the Powers ratio. The landmarks for the interspinous ratio were always identifiable, making it the most consistently applicable method of measurement.
• These measures serve to alert trauma team members to the potential of AOD; however, MRI and CT remain vital for further evaluation of injured structures, especially the spinal cord.
Strengths
• A large control group of consecutive cervical x-rays allowed representation of the pediatric population group. • Use of a single dedicated pediatric institution allowed standardization of the x-ray technique to maximize the quality of x-rays and despite this confirm the difficulties with such radiological measurements.
Limitations
• The small numbers in the AOD group due to rarity of condition may not represent the population fully, especially because of age differences. Outcomes are likely skewed by the primary injury severity of the cranio-cervical region and associated injuries. 
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SUMMARY AND CONCLUSIONS
• Atlanto-occipital dissociation is an important finding and timely recognition of this injury can be a potentially life-saving or cord-saving action, especially in pediatric patients.
• While the number of our injured patient population was relatively small, we found lateral C-spine x-rays taken in the trauma unit to be diagnostic of AOD when a combination of measurements was used. The BDD and the interspinous ratio were both sensitive and specific screening tests for the assessment of the cranio-cervical relationship.
• When the anatomical landmarks are identifiable, the Powers ratio can also useful.
• An MRI scanning is useful to confirm the diagnosis of injury at this level, to localize ligamentous structures injured through direct visualization of the soft tissues, and to directly visualize the cord as a primary outcome determinant.
• The radiology review, not blinded, may have led to bias when assessing integrity of ligaments and determining the x-ray measurements as they would be expected to be abnormal when the reviewer knew there was an established clinical AOD.
• The CT scan was not used in this series because of prevalent trauma imaging algorithm in our facility. Although this can be seen as a weakness, plain x-ray as primary trauma workup modality of choice has remained the principal measurement. Routine MRI scanning in our trauma population was indicated due to concerns for neurological and soft-tissue integrity.
Clinical relevance and impact
The BDD and interspinous ratio appear to be the best measures for initial x-ray diagnosis of AOD. Abnormal findings will alert the surgeon to the need of an MRI. These patients often have a reduced level of consciousness and have limited capacity for cooperation, making clinical evaluation difficult.
The MRI findings of hematoma and ligamentous disruption suggest severe abnormality, in fact they did not appear to correspond with clinical/neurological outcomes except for the presence of T1 cord signal changes.
There is a need to confirm these findings and for reliability/ reproducibility studies on the various measurements and the extent to which experience may influence them. 
